The chemical composition of galaxies has been measured out to z ∼ 4. However, nearly all studies beyond z ∼ 0.7 are based on strong-line emission from HII regions within star-forming galaxies. Measuring the chemical composition of distant quiescent galaxies is extremely challenging, as the required stellar absorption features are faint and shifted to near-infrared wavelengths. Here, we present ultra-deep rest-frame optical spectra of five massive quiescent galaxies at z ∼ 1.4, all of which show numerous stellar absorption lines. We derive the abundance ratios [Mg/Fe] and [Fe/H] for three out of five galaxies; the remaining two galaxies have too young luminosity-weighted ages to yield robust measurements. Similar to lower-redshift findings, [Mg/Fe] −0.07 the most massive galaxy may be more α-enhanced than similar-mass galaxies at lower redshift, but the offset is less significant than the [Mg/Fe] of 0.6 previously found for a massive galaxy at z = 2.1. Nonetheless, these results combined may suggest that [Mg/Fe] in the most massive galaxies decreases over time, possibly by accreting low-mass, less α-enhanced galaxies. A larger galaxy sample is needed to confirm this scenario. Finally, the abundance ratios indicate short star-formation timescales of 0.2 − 1.0 Gyr.
INTRODUCTION
The chemical composition of a galaxy reflects the interplay of several fundamental physical processes in galaxy formation, including star formation, metal production, feedback and gas exchange with the surrounding medium, and galaxy merging. Subsequent starformation episodes and the recycling of enriched gas result in an increase of metallicity with time, while the duration of the star-forming phase sets the relative abundances of different metals. Feedback processes further impact the chemical enrichment history, as they may expel enriched gas from galaxies. In combination with inflow of lower metallicity gas from the inter/circumgalactic medium, they alter the metal content of the gas supply. Finally, galaxy mergers affect the chemical composition, as stars in accreted galaxies have their own chemical footprint (see Maiolino & Mannucci 2019 , and references therein).
Metallicities of low-redshift galaxies have been studied extensively for both the interstellar gas (e.g., Tremonti et al. 2004 ) as well as the gas locked up in stars (e.g., Gallazzi et al. 2005) . To disentangle the effects of star formation, feedback/gas exchange, and galaxy mergers on the chemical abundance patterns of galaxies, it is crucial to extend these studies to higher redshifts. Metallicities of star-forming galaxies have been studied out to z ∼ 4 (e.g., Erb et al. 2006; Mannucci et al. 2009; Shapley et al. 2017) . However, the chemical composition of quiescent galaxies has only been routinely measured out to z ∼ 0.7 (e.g., Gallazzi et al. 2014; Choi et al. 2014) . Because quiescent galaxies dominate the massive galaxy population out to z ∼ 2 (Muzzin et al. 2013b; Tomczak et al. 2014) , our current understanding of the chemical composition of galaxies through cosmic time is thus incomplete.
Measuring chemical compositions of z > 0.7 quiescent galaxies is extremely challenging as the required stellar absorption lines are faint and shifted to near-infrared wavelengths. Furthermore, because of the younger stellar ages, the metal absorption lines for distant quiescent galaxies are weaker than for their local analogs. The few available measurements at z > 0.7 are either based on a stacked spectrum of quiescent galaxies (e.g., Onodera et al. 2015) , or on an ultradeep spectrum of a single quiescent galaxy (e.g., Toft et al. 2012; Lonoce et al. 2015; Kriek et al. 2016 ). There are also several studies that use low-resolution grism spectra . Left: Rest-frame U − V vs. V − J of the five quiescent galaxies observed with MOSFIRE and LRIS in comparison to all galaxies with 1.3 < z < 1.5 and log (M/M ⊙ ) > 10 in the UltraVISTA field. Right: Rest-frame optical size (at 5000Å) vs stellar mass of the same five galaxies in comparison to all galaxies with 1.3 < z < 1.5 and log (M/M ⊙ ) > 10 from Mowla et al. (2018) . The blue and red lines represent the best-fit relations for star-forming and quiescent galaxies, respectively, at z ∼ 1.4 (Mowla et al. 2018) . The most massive galaxy, 213931, consists of three clumps. In this panel we show the size and mass of the brightest clump, where the mass has been estimated using the magnitude ratios of the clumps.
obtained with the Hubble Space Telescope (HST) to derive stellar metallicities (e.g., Morishita et al. 2018; Estrada-Carpenter et al. 2018 ). However, because these studies primarily rely on the continuum shape, they are especially susceptible to modeling degeneracies and other systematic errors.
Early results suggest that z > 0.7 quiescent galaxies have super-solar metallicities (Onodera et al. 2015; Lonoce et al. 2015; Kriek et al. 2016) and are α-enhanced, with [Mg/Fe] that are similar (Onodera et al. 2015) or significantly higher (Lonoce et al. 2015; Kriek et al. 2016 ) than those of similar-mass low-redshift galaxies. These high [Mg/Fe] imply very short starformation timescales, though the stellar initial mass function (IMF) may also affect this abundance ratio (e.g., Fontanot et al. 2017) . Furthermore, these measurements raise the question of how high-redshift quiescent galaxies with high [Mg/Fe] evolve into the early-type galaxy population with lower [Mg/Fe] seen today. Larger galaxy samples are needed to confirm these results
In this Letter we present elemental abundance ratios for five massive galaxies at z ∼ 1.4, derived from deep spectra obtained with LRIS and MOSFIRE on the Keck I Telescope. This study is enabled by the large Ultra-VISTA (McCracken et al. 2012 ) and COSMOS-DASH (Momcheva et al. 2017; Mowla et al. 2018) field, which facilitated the identification of pointings for which we can observe several bright targets (with HST/F160W imaging) simultaneously. Throughout this work we assume a ΛCDM cosmology with Ω m = 0.3, Ω Λ = 0.7, and H 0 = 70 km s −1 Mpc −1 .
GALAXY SAMPLE AND DATA
The observed galaxies were identified using the Ultra-VISTA K-band selected catalog (v4.1) by Muzzin et al. (2013a) . We selected the pointing for which we could observe the most J < 21.6 quiescent galaxies at 1.3 < z < 1.5 in one MOSFIRE/LRIS mask. For this redshift range, we catch prominent metal and Balmer absorption lines in atmospheric windows. Galaxies were classified as quiescent based on their rest-frame U − V and V − J colors (e.g., Wuyts et al. 2007 ). Furthermore, we required that the pointing overlaps with the COSMOS-DASH survey (Momcheva et al. 2017; Mowla et al. 2018) , which provides shallow F160W imaging and thus allows the measurement of rest-frame optical sizes. Figure 1 shows the location of the five targets in the rest-frame U − V vs. V − J (UVJ) diagram, as well as in R e vs. stellar mass space, compared to the full galaxy distribution with M > 10 10 M ⊙ and 1.3 < z < 1.5 (Muzzin et al. 2013b; Mowla et al. 2018 ). The galaxies span a range in colors along the quiescent sequence in the UVJ diagram, as well as a range in sizes. On average, they are slightly bluer and smaller than the typical quiescent galaxy at this redshift. This bias may be expected; our magnitude selection favors post-starburst galaxies, which are brighter, bluer, and presumably smaller than older quiescent galaxies of similar mass (e.g., Whitaker et al. 2012; Yano et al. 2016; Almaini et al. 2017) .
The LRIS mask containing our five primary targets was observed for ∼4.5 hrs on 2017/01/04 using the 600/10000 red grating, 1 ′′ -wide slits, and an ABC dither pattern. The sky was clear with an image quality of ∼ 0.
′′ 8 − 1. ′′ 0. The same five galaxies were observed within one MOS-FIRE mask on 2017/03/15 and 2017/04/5-6 for ∼12 hrs in J, using 0.
′′ 7-wide slits and an ABA'B' dither pattern (Kriek et al. 2015) . The sky was clear and the seeing varied between 0.
′′ 5-1. ′′ 0. For both instruments we assigned a star to one of the slits to monitor weather conditions and aid the data reduction.
The LRIS and MOSFIRE 2D spectra were reduced using custom software. Initial sky subtraction was performed using the average of the surrounding frames with the same integration times. Cosmic rays were identified using L.A. Cosmic (van Dokkum 2001) and combined with a bad pixel map. Next, the individual skysubtracted frames and corresponding masks were resampled onto a common grid to account for the wavelength . Left: LRIS-RED and MOSFIRE/J-band spectra of 5 massive quiescent galaxies at z ∼ 1.4 (black). The spectra are binned by 10 pixels, corresponding to ∼3.3 and ∼5.4 rest-frameÅ per bin for the LRIS and MOSFIRE spectra, respectively. The gray areas represent the 1 σ uncertainty for the binned spectra. The best-fit alf models are shown in red. The F814W image (4. ′′ 5×4. ′′ 5) is shown in the inset, with the MOSFIRE slit overplotted (91 o , 0. ′′ 7 width). The LRIS slit had a similar orientation (93 o ) and width (1 ′′ ). Right: UltraVISTA photometry (circles) and best-fit FSPS model (grey) for the same galaxies. calibration, dither position, distortions, and drifts. An additional sky subtraction was performed by subtracting the median background at each wavelength. For the MOSFIRE spectra, the slit stars were used to derive a weighing factor for each science exposure. All LRIS frames were weighted equally, since the weather conditions were stable.
The individual spectra were average combined, taking into account both the weighing factors and the corresponding rectified masks. The relative flux calibration was performed using a response spectrum. For MOS-FIRE the response spectrum was derived from the spectra of A0 V stars. For LRIS we used the theoretical atmospheric absorption spectrum, adjusted to match the atmospheric features in the spectrum of the slit star, combined with the intrinsic shape of the slit star and other bright objects in the mask. More details on the MOSFIRE reduction software, which was developed for the MOSDEF survey, are given in Kriek et al. (2015) . One-dimensional (1D) spectra were extracted using an optimal weighing procedure. The combined LRIS and MOSFIRE spectra for each galaxy, together with the HST F814W image (Scoville et al. 2007 ) and the photometric spectral energy distribution (Muzzin et al. 2013b) are shown in Figure 2 . We detect numerous stellar absorption lines for all five galaxies.
The most massive galaxy in the sample, 213931, consists of three separate clumps, which were blended together as one system in the UltraVISTA images and catalog. As illustrated in Figure 2 , the slit was aligned along the two most massive clumps. With MOSFIRE we detect two blended traces, though one of the traces is significantly fainter, and no separate analysis could be performed. Using LRIS, we do not detect two separate traces, and thus we treat 213931 as one system in our analysis.
ANALYSIS
We use the absorption line fitter (alf) code to estimate parameters from the combined 1D LRIS and MOSFIRE spectra. The code is described in detail in Conroy & van Dokkum (2012) ; Conroy et al. (2014) ; Choi et al. (2014) . In summery, alf combines libraries of isochrones and empirical stellar spectra with synthetic stellar spectra covering a wide range of elemental abundance patterns. The code fits for C, N, O, Na, Mg, Ca, Ti, V, Cr, Mn, Fe, Co, and Ni abundances, redshift, velocity dispersion, stellar population age, and several emission lines. The ratio of the model and data is fit by a high order polynomial in order to avoid potential issues with the flux calibration of the data. The fitting is done using a Markov chain Monte Carlo (MCMC) algorithm (Foreman-Mackey et al. 2013 ). This spectral modeling approach is strongly preferred over the use of integrated absorption line measurements for distant galaxies (see discussion in Kriek et al. 2016 ).
For our z ∼ 1.4 galaxies, we assume the Kroupa (2001) IMF and allow for a double-component stellar population with two different ages. This model is preferred over a single-age model (i.e., SSP), because it indirectly separates the younger and older stellar populations and results in mass-weighted abundance measurements. In case we assume an SSP, the younger stars will disproportionally dominate the results.In Table 1 we list mass-weighted abundance ratios and ages for the doublecomponent model, as well as the ages for an SSP. Due to the mass weighing, the double-component ages are older than the SSP ages (which are closer to luminosityweighted ages). While all abundances are free parameters, only few can be accurately determined. We also determine the total stellar metallicity using Stellar masses are derived by fitting the combined continuum spectra and UltraVISTA photometry with the Flexible Stellar Population Synthesis (FSPS) models (Conroy et al. 2009 ), using the FAST fitting code (Kriek et al. 2009 ). We assume solar metallicity, a delayed exponential star-formation history, the Chabrier (2003) IMF, and the average attenuation law by Kriek & Conroy (2013) . We caution though that these stellar masses are likely underestimated, and more complicated star formation histories, like the one assumed in the alf fitting, would lead to masses that are ∼ 50% larger.
Rest-frame optical sizes are derived from the combination of F814W data from Scoville et al. (2007) and F160W data from COSMOS-DASH, following the procedure described in Mowla et al. (2018) . This procedure relies on Sérsic fits and the GALFIT modeling code (Peng et al. 2002) . We derive the (non-circularized) size at 5000Å using a linear interpolation between the F814W and F160W sizes. For 213931, we measure the size of the brightest clump.
RESULTS
In Figure 3 , we show the abundance ratios [Mg/Fe] and [Fe/H] of the z ∼ 1.4 galaxies in comparison with galaxies at lower redshift (Choi et al. 2014; Conroy & van Dokkum 2012) and a single massive quiescent galaxy at z = 2.1 . Although metal and Balmer absorption lines are detected for all five galaxies, the abundance ratios for 217249 and 213947 are poorly constrained. Figures 1 and 2 show that these galaxies have blue rest-frame colors, strong Balmer lines, and are dominated by A-type stars. Hence, their luminosity-weighted ages are relatively young, and thus their metal lines are weak. Therefore, in Figure 3 we only show the three redder quiescent galaxies at z ∼ 1.4. For these galaxies we find similar abundance ratios when adopting a single-age model.
In the left panels of Figure 3 , we show the abundance , and 214695 (red), in comparison to nearby early-type galaxies (plusses; Conroy & van Dokkum 2012) , stacks of quiescent galaxies at 0.07 < z < 0.70 (squares; Choi et al. 2014) , and a quiescent galaxy at z = 2.1 (black filled circle; Kriek et al. 2016) . For all (stacks of) galaxies, the abundance ratios and velocity dispersions were derived using alf. The relations at z ∼ 1.4 are similar to those at z < 0.7, though [Fe/H] seems offset to lower values. The bottom panels show that a tentative stellar mass-metallicity relation may already be in place at z ∼ 1.4, possibly offset to lower metallicities. , in comparison to nearby early-type galaxies (plusses), stacks of quiescent galaxies at 0.07 < z < 0.70 (gray squares), and a quiescent galaxy at z = 2.1 (black filled circle). Symbols are the same as in Figure 3 . The dashed line represents a chemical evolution model, with different star-formation timescales in Gyr indicated by the small black squares. The abundance ratios of the two most massive galaxies (orange and black circles) at z 1.4 suggest that their star-formation timescales are shorter than for z < 0.7 galaxies. ratios [Mg/Fe] and [Fe/H] versus stellar mass. We compare our results to the work by Choi et al. (2014) , based on stacked spectra of quiescent galaxies at 0.07 < z < 0.7. In the right panels we show the abundance ratios as a function of the observed integrated stellar velocity dispersion (σ v ), in comparison to the nearby earlytype galaxy sample by Conroy & van Dokkum (2012) . All abundance ratios and velocity dispersions have been derived using the alf code. However, stellar masses and velocity dispersions were not consistently derived for all samples, and thus we only show the comparison samples if the measurements are available. Similar to z < 0.7, [Mg/Fe] appears positively correlated with both stellar mass and σ v at z ∼ 1.4. These results, however, are based on only three galaxies; a larger sample is needed to confirm these trends. The two lowermass galaxies (214340 & 214695) This offset, however, is not significant, and larger galaxy samples are needed to assess whether the most massive galaxies are indeed more α-enhanced at earlier times. Similar to the low-redshift samples, we find no correlation between [Fe/H] and mass or σ V . We do find an offset in [Fe/H] , such that the z ∼ 1.4 galaxies are deficient in iron compared to similar-mass low-redshift galaxies.
In Figure 4 we compare the combined abundance ratios [Mg/Fe] and [Fe/H] to a closed-box chemical evolution model for different star-formation timescales. This model assumes a Salpeter (1955) IMF, a constant SFR, the core-collapse and Type Ia supernova yield models by Kobayashi et al. (2006) and Nomoto et al. (1984) , and a Type Ia delay time distribution of the form t −1 between 0.1 and 13 Gyr (Maoz et al. 2012) . Comparison with this model indicates that the z ∼ 1.4 galaxies formed their stars over a brief time period of ∼ 0.2 − 1 Gyr. As discussed in Kriek et al. (2016) , by adopting different core-collapse supernova yields or a different Type Ia delay time distribution, we can change this model substantially.
DISCUSSION
In this Letter, we present ultradeep rest-frame optical spectra of five massive quiescent galaxies at z ∼ 1.4, all of which show multiple stellar absorption lines. For three galaxies we derive the abundance ratios [Mg/Fe] and [Fe/H] , but the remaining two galaxies have too young luminosity-weighted ages to yield robust measurements. Similar to z < 0.7 studies, we find a tentative positive relation between [Mg/Fe] and stellar mass (or velocity dispersion). Also similar to z < 0.7, we find no correlation between [Fe/H] and stellar mass (or velocity dispersion). Our results may imply that the stellar mass-metallicity relation was already in place at z ∼ 1.4 (bottom panels, Fig. 3 ).
While the [Mg/Fe]-mass relation at z ∼ 1.4 is consistent with the z 0.7 relation, [Fe/H] at z ∼ 1.4 is ∼0.2 dex lower than at z < 0.7. We also found a low [Fe/H] for a single massive quiescent galaxy at z = 2.1 . In addition to the low [Fe/H], this z = 2.1 galaxy was more α-enhanced than low-redshift galaxies of similar mass, with a [Mg/Fe] of 0.6. The most massive galaxy in the current sample has a [Mg/Fe] of 0.44
−0.07 , and thus may also be more α-enhanced than lower-redshift analogs. Combined, these results may suggest that [Mg/Fe] of the most massive galaxies decreases over cosmic time, possibly by accretion of low-mass, less α-enhanced galaxies.
A similar scenario has been proposed to explain the evolution in the mass-size relation of quiescent galaxies between z ∼ 2 and z ∼ 0 (e.g., van Dokkum et al. 2008; Bezanson et al. 2009; Naab et al. 2009) . In this context, we note that all three z ∼ 1.4 galaxies as well as the z ∼ 2.1 galaxy have close neighbors, and thus may be in the process of merging with smaller galaxies (see also Gu et al. 2018) . However, as [Fe/H] is constant with mass, it is not obvious how this scenario could increase [Fe/H] , and a larger galaxy sample is needed to understand the evolutionary scenario (Choi et al. 2014) . Other possible scenarios include late-time star formation and the growth of the quiescent galaxy population over time. Galaxies that stop forming stars at later times will have lower [Mg/Fe], higher [Fe/H], and larger sizes (Khochfar & Silk 2006) . Thus, once these galaxies join the quiescent population, they will alter the average size and abundance ratios (e.g., Carollo et al. 2013; Choi et al. 2014) .
Our metallicities are higher than the sub-solar metallicities found by Morishita et al. (2018) for two 10 11 M ⊙ quiescent galaxies at z ∼ 2.2, but lower than the supersolar metallicities found for a stack of massive (log M/M ⊙ ∼ 11.4) galaxies at z ∼ 1. Our results are more similar to the solar metallicities found by Estrada-Carpenter et al. (2018) for stacks of 1.0 < z < 1.8 galaxies (logM/M ⊙ ∼ 10.8). We do cau-tion though that these studies use varying datasets and techniques to measure stellar metallicities, and thus different assumptions and other systematics complicate the comparison.
Larger samples are needed to obtain a full census of the relation between the chemical composition, stellar mass, and structures of distant quiescent galaxies. This work is part of a survey to obtain deep rest-frame optical spectra and elemental abundance measurements for a sample of 20 distant quiescent galaxies; 10 galaxies at z ∼ 1.4 and 10 galaxies at z ∼ 2.1. The current study demonstrates that such measurements are only possible for individual quiescent galaxies that are dominated by an older stellar population, which have more pronounced metal lines. For quiescent galaxies that are dominated by a younger stellar population we have to rely on stacking techniques to obtain more robust measurements. In the near future, we will use our full sample to measure the relations between the chemical composition, age, stellar mass/velocity dispersion, and galaxy sizes/structures at z ∼ 1.4 and z ∼ 2.1, and compare them to the lower redshift relations. In the more distant future, NIRSpec on JWST will enable the first resolved stellar abundance studies at these redshifts. These two studies together, in combination with the resolved stellar abundance studies at low redshift (e.g., Greene et al. 2015) , will open a new window into the chemical enrichment, star formation, and assembly histories of massive quiescent galaxies.
